Abstract: Sustainability requires the redefinition of the terms of reference for agricultural activities, which must be based on the recognition of multi-functional land use and the complex role that agriculture plays in society. The ability to renegotiate new terms of reference for agriculture, in turn, requires new analytical tools for agriculture analysis to be able to embrace the 'complexity revolution'. This paper presents a novel approach and a tool for integrated analysis of rural development: Multi-Objective Integrated Representation (MOIR). This tool is based on an integrated set of indicators reflecting non-equivalent views of farming systems and their performance (economic, environmental, social), at different scales (household, community, national). The approach helps to establish relations among the changes in values of different indicators. This facilitates a discussion of sustainability trade-offs associated with different scenarios, even when these trade-offs are not commensurable.
1 Introduction: modern agriculture and the limits to 'externalisation' -the importance of changing mind frame to deal with present crisis
Intensification of crop production has biophysical limits. Moreover, after a certain threshold, further intensification, based on either higher energy investments (e.g., more nitrogen fertiliser, or massive use of desalinisation of sea water) and/or new technologies (e.g., genetically engineered crops) will not always result in viable solutions (Pimentel and Hall, 1984; 1989; Smil, 1993; Giampietro and Pimentel, 1994; Pimentel and Pimentel, 1996; Postel, 1998; Altieri and Rosset, 1999; Tilman, 1999) . These statements may appear trivial, but it is necessary to repeat them because in the past, the impressive achievements associated with the industrial revolution seem to have convinced many scholars, mainly economists, that the expansion of human activity and the increase of wealth could occur 'ad infinitum' (Pretes, 1997) . This expectation is based on two implicit assumptions, either:
1 natural resources and ecosystem services supply are and will remain abundant and free, independent from the size of human demand on them 2 technology will overcome any biophysical constraint associated with shortage of natural resources and ecosystem services.
Many scholars, for more than a century now, have warned against this idea (Martinez-Alier, 1987) . However, the well-known inertia in human affairs tends to imply a hidden principle that as long as problems can be ignored, there is no need to invest too much in solving them. In spite of this inertia it is becoming more and more evident that the dramatic speed of growth in both population and level of human activity per capita, at the global level, is resulting in a serious interference with natural ecological processes (Pimentel and Hall, 1989; Smil, 1993; Postel, 1998; Odum, 1971; Vitousek et al., 1986; McNeill, 2000; Gunderson and Holling, 2002) . Increases in 'efficiency' of human technology have enlarged the domain of action of human control over natural flows of resources, to a point that it is now impossible to adopt any longer the solution of 'externalisation' (out of sight out of mind). In a crowded world what goes around comes around. As result of this fact, we are witnessing an increasing number of conflicts and confrontations among social groups and populations over limited resources (Oström et al., 1999; Caldwell, 1999; Martinez-Alier, 2003) . All these factors combined are generating a new challenge for humankind. As noted by Oström et al. (1999, p.282) : "Today, we have less leeway for mistakes at the local level, while at global level there is no place to move".
In order to face the challenge of sustainability, we have to adopt new ways of thinking. In particular, the scientific community should focus on the development of new approaches and analytical tools. For sustainable agriculture, the major challenges are:
• The multi-functional nature of agriculture (that is not only producing commodities, but also preserving the health of ecosystems, consumers and rural communities).
• The multi-scale nature of the complex network of relations among ecosystems and socioeconomic systems, that requires considering simultaneously different but relevant dynamics operating at different hierarchical levels.
This double challenge forces the analysts to rediscuss fundamental questions such as: what is the role that agriculture plays in the society? How to study the multi-scale relations over the interface agriculture, ecosystem and socioeconomic system? In brief, dealing with the issue of sustainability requires a new epistemology for studying agro-ecosystems.
In a situation of sustainability crisis, working on epistemology (e.g., challenging starting assumptions, arguing over logical problems, considering the implications of value calls, dealing with the challenge implied by multi-scale analysis) may appear an arguable choice. Common sense might suggest that in face of a crisis, scientists should invest their time in solving practical problems, rather than dealing with epistemological issues. However, we happen not to share this view. In fact, we believe that the adoption of the very same scientific narratives that led to the present crisis cannot be expected to help us to get out of it. 'Doing more of the same' will not get agriculture out of its actual impasse. Rather, new narratives, fresh perspectives and different tools have to be found.
The rest of this paper deals with this basic issue. Section 2 briefly discusses the implications of the multi-functional and complex role of agriculture for society. This section also introduces a few epistemological concepts associated with the complexity revolution; Section 3 deals with the policy implications of the issue raised in Section 2. In particular, it focuses on the challenge associated with the handling of a set of incommensurable trade-offs typical of the sustainability predicament. These incommensurable trade-offs cannot be dealt with in terms of optimisation. Section 4 presents a tool called Multi-Objective Integrated Representation (MOIR), that can be used for participatory integrated assessment; Section 5 illustrates the potential use of this tools with practical examples; Section 6 discusses the pros and cons of this approach. Section 7 concludes our discussion.
Acknowledging the multi-functional and complex nature of agriculture
Agriculture can be defined as the management of natural environment in an attempt towards its domestication. The goal of this domestication is to provide humankind with an adequate, controlled, and reliable source of food and fibre. To achieve this goal, agriculture deals with the management of living systems at many scales (e.g., selection of crop varieties, development of artificial environments such as greenhouses and crop management techniques). The industrial revolution accelerated the drive toward a total control of the production flows. In fact, the growing population of industrialised countries, mainly living in cities required a dramatic increase in the rate of agricultural production both per hectare and per hour of work (Pimentel and Hall, 1984; Giampietro and Pimentel, 1994; Odum, 1971; Giampietro, 2003; . To match this double challenge, scientists and technical progress ended up applying to the agricultural sector the same logic of production techniques developed in the industrial sector. This has implied assuming that living beings and complex ecosystems may be handled as if they were simple machines easy to be controlled. After a few decades of experience, many scientists are convinced that it is not the case (Giampietro, 2003; Koestler, 1967; Polanyi, 1968; Allen and Starr, 1982; Prigogine and Stengers, 1984; Rosen, 1991; Allen and Hoekstra, 1992; Gunderson and Holling, 2002; Holling, 2001; Lewin, 1993; Waldrop, 1994; Rosen, 2000; Allen et al., 2003) .
In spite of a growing wave of scepticism about the adoption of this technocratic approach, there is an attempt to raise both stakes and returns by genetically engineering crops and animals. The ultimate goal of this idea is to manipulate the DNA of living organisms in order to control first their characteristics and eventually their evolution. In this way, scientists are attempting to design agro-ecosystems that will behave as machines, according to the input received in relation to human wants. According to the definition of life proposed by Rosen (1991; as an open process of autopoiesis distinct from the type of external driven organisation typical of machines, we can say that the scientific narrative associated with GMOs seems to ignore that agriculture implies dealing with life according to the definition given by Rosen.
The multi-functional role of agro-ecosystems
Accepting Rosen's definition entails accepting that agricultural systems are agro-ecosystems and agricultural science can be referred to as agro-ecology. In this regard, Altieri (1987; , one of the pioneers in agro-ecology science provides the following definitions:
"Agro-ecosystems are communities of plants and animals interacting with their physical and chemical environments that have been modified by people to produce food, fiber, fuel and other products for human consumption and processing. Agro-ecology is the holistic study of agro-ecosystems including all the environmental and human elements. It focuses on the form, dynamics and functions of their interrelationship and the processes in which they are involved." (Altieri, 2002, p.8) (bold is in the original) Agro-ecosystems can effectively be understood as made up of many different components, which can only be defined after adopting different perceptions/descriptions referring to different levels and scales. When adopting a biophysical view, we can move from the scale of the soil, and its fauna, to arrive at the scale of crops species. When adopting a socioeconomic view, we can start from the scale of the farmer, and move up to that of the household of the rural community in which the household lives, to arrive at the scale of local, regional and national socioeconomic systems. Using an ecological view, we can have: the scale of the micro-ecosystems in the soil, local agro-ecosystems, then the scale of the watershed, up to the natural mechanisms generating biogeochemical cycles of water and nutrients that are required to stabilise and constrain the boundary conditions of the farming activity.
Being on the interface of human societies and ecosystems, agriculture is a dynamic, adaptive and evolving system (Giampietro, 2003; Holling, 2001; Altieri, 1987; Conway, 1987; Wolf and Allen, 1995) or a self-organising becoming system as it can be defined according to the view of living systems proposed by Prigogine (Prigogine and Stengers, 1984) . Agriculture is dynamic and evolving in the sense that it reflects both the changes occurring in:
• external constraints posed by the environmental system (e.g., biodiversity, landscape, climate) and the socioeconomic systems (e.g., demography, cost of labour, technological innovation) • internal characteristics reflecting cultural, social and technical innovations.
Like any other living system, agro-ecosystems adapt to these changes, but they do not adapt in a passive way. Agro-ecosystems are not machines! They rearrange themselves in a self-organisational way, according to the interrelation between external constrains posed by the environment and internal identity (the latter due to historical patterns of evolution). They become systems through a process of self-organisation, the organisation that takes place within the system itself across the many spatio-temporal scales that characterise it. That is to say, we are dealing with systems expressing evolutionary processes that take place at each level of the hierarchy, although at different pace (Giampietro, 2003; Smil, 1993; Wolf and Allen, 1995; McConnell and Dillon, 1997; Hall et al., 2000; Dalgaard et al., 2003; Brouwer, 2004) . By definition, emerging patterns cannot be predictable.
Even in the past, humans were thought to have tamed nature. Extensive and intensive agriculture allowed empires to emerge. However, these empires did fall after that, because of soil exhaustion. The invention of synthetic pesticides (e.g., DDT) seemed to be the final solution to get rid once for all of nasty pests. However, after a couple of decades, evidence proved that they may harm humans and wild life. This led to a ban of certain pesticides (e.g., DDT) and a strict regulation of the use of others. To make things worse, their massive use created drug-resistant pest strains. The use of ground water for extensive crop irrigation boosted crop productivity even in dry areas. However, we learned soon about side effects, such as salt accumulation leading to desertification (Pimentel and Hall, 1989; Smil, 1993; Pimentel and Pimentel, 1996; Postel, 1998; Tilman, 1999; McNeill, 2000; Carlson, 1962; Pimentel, 1995; Pimentel et al., 1999) . Now, we are told of yet another solution to human and environmental problems. In these years many claim that genetic engineering technology will be the next magic bullet. Genetic engineering is expected by its proponents to make plants and animals act according to human will. However, many scientists do not believe such a claim, and some scholars warn that a massive use of GMOs will pose a serious threat to environmental health (Altieri and Rosset, 1999; Giampietro, 1994; Paoletti and Pimentel, 1996; Benbrook, 2004) .
Recognising the special characteristics of living systems, Allen et al. (2003) propose to develop ecological engineering as a science that takes into consideration and deals with self-organisation. According to them, in fact, environmental engineering as it is performed at present: "…remains within the purview of standard engineering protocol as it imposes as external design on material that is the passive recipient of engineered limits" (Allen et al., 2003, p.391) .
Complexity: the seminal work of Robert Rosen
Any very brief overview of the complexity literature immediately reveals how complex it is to try to define complexity. In fact, 'complexity' is, nowadays, a fashionable buzzword. This means that many definitions are attached to this label with a real boom of definitions and neologisms occurring in the field of complex system theory -a partial, but still quite large, review of the definitions and labels in Gomiero (2004) .
The term complexity is used with different meanings -e.g., (Allen and Starr, 1982; Holling, 2001; Lewin, 1993; Waldrop, 1994; Rosen, 2000; Gomiero, 2004; Weaver, 1948; Simon, 1962; Holland, 1995; Rosen, 1977; Checkland and Scholes, 1990 ):
• to indicate complicatedness (the mutual interaction of many parts -e.g., mechanisms made up by many parts)
• to indicate the existence of emergent properties, which cannot be inferred by lower level mechanical representation of events • to indicate the property of a system that self-organises and changes its essence, identity and behaviour in a coordinated way.
In relation to this last interpretation, a new way to frame the concept of complexity has been proposed by Rosen (1991; 1977) .
"Another way of saying this is that a complex system is one, which allows us to discern many subsystems [a subsystem is the description of the system determined by a particular choice of mapping only a certain set of its qualities or properties] depending entirely on how we choose to interact with the system. … Thus complexity is indeed a function of the number of ways available to interact with a system." (Rosen, 1977, p.229) This way of framing complexity moves away from the idea that complexity is a property associated with the observed system. Rather, it focuses on the obvious, but often neglected fact, that what is observed in a given observation process is the result of the interaction between the observer and the observed system. Complexity 'à la Rosen' entails the simultaneous existence of many legitimate perspectives, narratives and relative analysis of the very same reality.
Following the ideas of Rosen, Wolf and Allen put it simply: "Complexity is the product of interactions between levels of organisation that is invoked by the question or framing of the problem" (Wolf and Allen, 1995, p.6 ).
Rosen introduces another key concept for the analysis of living systems, the concept of 'impredicative loop', which is commonly known as the 'chicken-egg' process. According to Rosen: "In formal terms, they manifest impredicative loops", (Rosen, 2000, p.24) .
"In particular, something was impredicative if it could be defined only in terms of a totality to which it, itself had to belong. This, it was held, created a circularity: what is to be defined could be defined only in terms of totality, which itself could not be defined until that element was specified." (Rosen, 2000, p.294) According to this concept, any analysis of living systems organised over multiple scales requires a continuous process of contextualisation. Wholes and parts are defined, in the process of becoming, in relation to each other in a circular, egg-chicken loop.
It is the particular point of view chosen by the observer that will shape the perceived identity of the system of interest. At this point the choice of an identity for the observed system will determine what will be perceived as parts, whole and context. This implies that observers with different goals (e.g., stakeholders), especially if operating at different hierarchical levels (e.g., farmer, household, researcher, technician, policy-maker, citizen) will see a different relevant reality, even if interacting in the same place at the same time.
In brief, we can say that complexity requires the use of the following concepts (Giampietro, 2003; Rosen, 1991; 1977; Checkland and Scholes, 1990 ):
• Impredicative loops Dealing with the implications of chicken-eggs processes (A = > B and B = > A in a circular way). These processes define an operational identity for becoming systems. Studying these processes requires considering self-entailing processes across levels and scales.
• Multiple identities Considering different relevant dynamics on different scales requires the adoption of a set of non-reducible assumptions about the identity of the same system. This may imply finding different boundaries for the same system (e.g., administrative, economic, biophysical) when looking at it using different descriptive domains, in relation to different relevant aspects of its behaviour.
• Complex time
Complex time implies acknowledging that: a The observed system changes its identity in time.
b The observed system has multiple identities on different scales that are changing in time but at different paces.
c The observed system is not the only element of the process of observation that is changing its identity in time.
Also, the observer identity does change in time.
The development of conventional scientific approaches within individual disciplines (what is commonly defined as the reductionistic approach) was based on the systematic denial of these three concepts. This is why, the new challenge associated with sustainable agriculture and environmental management poses on the agenda the issues of:
• Transdisciplinarity, defined as the integrated use of models and variables belonging to nonequivalent systems of description.
• Multilevel analysis, defined as the ability to describe events occurring at different hierarchical levels on different time horizon.
• Participatory assessment to validate, at different points in space and time, the relevance of the narratives within which the various analyses have been developed (Giampietro, 2003; Allen and Starr, 1982; Rosen, 2000; Checkland and Scholes, 1990 ).
This epistemological approach has important implications for the choice of analytical tools for farming system analysis. It implies giving up basic assumptions of reductionism and changing the very same role of the scientist (Giampietro, 2003; Allen and Hoekstra, 1992; Checkland and Scholes, 1990; Röling, 1994; : scientists are no longer in charge of supplying final answers about the best possible action, rather they should take care of developing effective procedures for guaranteeing the quality of the process that defines a given problem structuring. Quality assurance not only deals with the pertinence of the analysis but also with the relevance and usefulness of the narrative within which the analysis has been developed (Giampietro et al., in press ). In relation to this goal, Checkland (Checkland and Scholes, 1990) , an engineer working in the field of Operations Research, provided important contributions. In the 1970s, in fact, he introduced and developed the concept of 'Soft System Methodology' to address the crucial role of the selection of narratives when deciding the analytical structure of the representation of a given problem. See also Giampietro (2003) and Checkland and Scholes (1990) for the integration of this concept in the field of ecology and complex system analysis.
The policy issue: legitimate contrasting views and incommensurable
trade-offs rule out the option of 'optimisation protocols'
The challenge of farming system analysis
The term farming system refers to the cultivation patterns used in a plot conceptualised in relation to the farm, other agricultural entities, the socioeconomic and ecological context and the technology available that determine its character (Altieri, 1987; McConnell and Dillon, 1997) . Such a definition recalls immediately the concept of impredicative loop. A farming system is a part of a larger ecological, social, political, economic, cultural environment that is affecting its characteristics. But at the same time, because of its agency, it is shaping the context in which it is operating (Giampietro, 1997; Rosen, 2000; Altieri, 1987; Wolf and Allen, 1995; McConnell and Dillon, 1997; Bland, 1999; Gomiero and Giampietro, 2005b) . Therefore, a sound representation of agro-ecosystems has to address the existence of many different components (e.g., biophysical, socioeconomical, cultural) and agents (e.g., species, ecosystems, households, social communities, scientists, policy-makers). These components and agents are operating on different scales (e.g., local, national, global) while pursuing different (and possibly contrasting) objectives. This implies that an adequate representation of a farming system requires a multi-dimensional, or multi-criterial, approach, in which many dimensions (e.g., economic, environmental, social, cultural dimension), and many levels of analysis (e.g., farmers, consumers, governments, international agreements) have to be simultaneously taken into account (Giampietro, 1997; Altieri, 2002; Conway, 1987; Wolf and Allen, 1995; Röling, 1994; Gomiero and Giampietro, 2005b; Gomiero et al., 1997; Kropff et al., 2001; López-Ridaura et al., 2002) .
To make things more difficult, neither goals and/or boundary conditions do coincide when considering different subsystems belonging to the same system but perceived and represented as operating on different hierarchical levels (Giampietro, 2003; Allen and Starr, 1982; Conway, 1987; McConnell and Dillon, 1997; Dalgaard et al., 2003; Gomiero, 2004; Checkland and Scholes, 1990; Gomiero and Giampietro, 2005b; Gomiero et al., 1997) . So before getting into a quantitative analysis of the relation among parts and wholes, we should pay great attention to the pre-analytical framing of the problem in terms of scientific narratives. Before getting into the process of generating the right number (or any number), we should be able to check the validity of the choices made when selecting the meaning of the answer, which must result congruently with the meaning of the question. Without a quality check on the semantic validity of the problem structuring, any numerical assessment is simply meaningless.
Implication for agricultural policy
The discussion of the previous section can be summarised by the following points:
• Relevant entities for analysis are not steady-state systems but highly adaptable and evolving systems, (ceteris are never paribus). Any representation of these systems depends on a set of choices made by the observer when framing the identity of what is observed.
• In general, it is impossible to search for the optimal, or best solution to a problem of sustainability (optimal for whom and in which sense?), as there is no solution that optimises all the possible criteria of performance for all the relevant actors (who decides who are the relevant actors and how?).
• Any assessment implying a value judgement (such as good or bad) cannot be obtained by the application of algorithm within an optimisation protocol. Rather, value judgments must be made within a participatory process of multi-criteria assessment. When dealing with participatory processes of multi-criteria assessment, it is crucial to be able to guarantee not only the quality of the scientific analysis used for characterising options and scenarios, but also the quality of the process of participatory assessment itself (Munda, 2004) .
A sound procedure for decision making, therefore, should make it possible to have:
• A clear and transparent process leading to the formulation of the questions, and structuring of the problem.
• A fair negotiation for compromising solutions (Simon, 1962) based on the explicit acknowledgement of the existence of incommensurable trade-offs (Gomiero, 2004) . This means that the giving up of one thing in return for another cannot be formalised and assessed in substantive terms. These incommensurable trade-offs are inherent in the preliminary selection of a given set of alternative policies. That is, they should be understood and studied during the preliminary design process, of the pros and cons of alternative approaches and/or the selection of criteria that lead to the choice (Munda, 2004) .
• An explicit definition of the quality assurance of the process adopted to select the set of relevant stakeholders that should be involved in the process. In fact, the specification of the role and timing of their involvement in the decisional process cannot be done just once in general terms and out of specific contexts.
• An explicit definition of a set of quality criteria to be adopted to check the fairness of the process of integrated assessment and negotiation of compromise in face of the unavoidable existence of conflicting interests and power asymmetries.
Multi-Objective Integrated Representation (MOIR)

Multi-Criteria Analysis (MCA)
Multi-Criteria Analysis has been developed to deal with the unavoidable presence of legitimate, contrasting perspectives. The literature on this subject is huge (e.g., Bana e Costa, 1990; Goitouni and Martel, 1998; Nijkamp and Ouwersloot, 1998; Triantaphyllou, 2000; NERA, 2002) Most of these methods consist in mathematical algorithms, often having the goal of finding out the best possible solution to a given problem. Along with the algorithmic school, there is a different class of multiple-criteria approaches that is aim at the handling of processes of Societal Multi-Criteria Evaluation coupling participatory methods to integrated analysis (Gomiero and Giampietro, 2005a) . Within this philosophy, graphical representations aiming at representing the characteristics of the system under analysis, in a way that is easy for the stakeholders to understand, may represent a useful tool. Graphical representations make it possible to compare a given situation characterised using an integrated set of indicators, a target situation (for a review of methods, see for instance Gomiero (2004) and Gomiero and Giampietro (2005a) ). In this way it becomes easier to convey the relative information to both experts and the lay persons. When describing the reasons that led to the development of the AMOEBA graphical representation, ten Brink (Giampietro, 1994, p.79) states that: "Since water authorities and policy-makers require a clear and simple presentation, a 'radar diagram' has been used". A multi-objective graphical representation can provide a quality profile in relation to a specific set of indicators and criteria considered by the analysts as relevant for determining the performance of the system. In this way, one can also represent the potential effects of alternative policies in relation to predicted scenarios. These relatively simple methods can be used to enhance participation and public debate over decisions related to the issue of sustainability (Gomiero, 2004; Gomiero and Giampietro, 2005a; ten Brink, 1992; van Latesteijn, 1997) .
The usefulness of graphic representation in multi-criteria analysis
Graphs and graphical representations provide a powerful tool for analysing scientific data, moreover they are useful to quickly and easily convey data and information to the reader (Gomiero, 2004; Gomiero and Giampietro, 2005a; Cleveland, 1985; Cleveland and McGill, 1985; Larkin and Simon, 1987; Kosslyn, 1989; Tufte, 1990) .
When dealing with various sets of data, one of the major advantages provided by graphical representation is that they can show the presence of patterns that would be difficult to perceive in a matrix of alpha-numerical data. That is, if the same selection of sets of data were presented in the form of conventional tables. As stated by Cleveland (1985, p.10 ) "Graphical methods tend to show data sets as a whole, allowing us to summarise the general behaviour and to study details". Graphical representations have the ability to suggest an overall 'meaning', a sort of gestalt emerging from the data set.
Any method of representation of a given perception of the reality, of course, entails an unavoidable level of arbitrariness. This is why any graphical representation of a given problem or situation -especially when considering different dimensions and multiple criteria -does require a lot of work on the original set of data. Such a work is required to guarantee an overall coherence and clarity in the final image (Cleveland, 1985; Cleveland and McGill, 1985; Tufte, 1990) . However, it has to be noted here, that even a representation based on alpha-numerical data is not immune from such a problem. A number says very little if it is not accompanied by a detailed explanation of the assumptions and process through which it has been generated (Cleveland, 1985; Cleveland and McGill, 1985; Tufte, 1990; Funtowicz and Ravetz, 1990 ).
The set of data associated with the selection of a set of indicators is, in fact, the result of a long process that started with:
Step 1 The definition of the goals of the study.
Step 2 The definition of the identities of the elements to be included in the various models (i.e., the set of relevant attributes and observable qualities associated with those elements). This definition determines the scale adopted in the model.
Step 3 The selection of proxies (i.e., variables) that are used to encode changes in relevant characteristics of the relevant identities considered in the problem structuring.
Step 4 The selection and operation of an adequate measurement scheme, making it possible to gather the required data.
Alternatively,
Step (4) can be replaced by the use of second-hand data. However, such an alternative step will introduce a new class of problems associated with the comparability between the quality of these secondhand data and the quality of the other data already available. Each one of these steps entails possible sources of confusion among those using the final model about the shared meaning, which should be assigned to perceptions and representations of the reality over different descriptive domains.
This implies that when we decide to organise data in a graphical representation, we are adding another step to this already long chain:
Step 5 Deciding how to organise the data in a graphical representation and implementing this choice. This step, being the last of a long chain, cannot be performed without an explicit knowledge and linkage to the previous ones.
This is why during the process of building a graphical representation of a Multi-Criteria Analysis. One must always have two clear goals in mind:
1 As much as possible, making the reader aware of potential misunderstandings in the transmission of information.
This can be obtained by making as explicit as possible, where, when and why the various external referents (direct data, indirect data, basic assumptions) have been used to build the structured information space carrying the integrated representation.
2 Enhancing the robustness of the characterisation of various alternatives (or compared situations).
This can be obtained by looking always for a mosaic effect in the set of indicators used, that is to say to create a cross contextualisation among different scales and criteria (e.g., by covering the same criteria using indicators referring to different scales or representing the same element, at one given scale, but in relation to different dimensions). In this way, an indicator acquires a strong identity as it maps onto different external referents on many different descriptive domains.
Introducing Multi-Objective Integrated Representation (MOIR)
The tool presented here attempts to establish bridges across nonequivalent representations of the farming system (economic, environmental, social), by simultaneously representing patterns perceived and detected on different hierarchical levels. In the examples given in the next section, these are the household, village, county or local, regional and global levels. Data coming from the calculation of indicators, are then organised in a graphical representation, called Multi-Objective Integrated Representation (MOIR) [a longer and better acronym would be Multi-Objective Multiple-Scale Integrated Representation -MOMSIR]. Three crucial characteristics of this method are (Giampietro, 2003; Gomiero, 2004; Giampietro and Pastore, 1999; Giampietro and Mayumi, 2000a; Giampietro and Mayumi, 2000b; Gomiero and Giampietro, 2001 ):
1 Addressing different dimensions (social, economic, and ecological) within the issue of development and management.
2 Addressing the issue of multiple scales, since socioeconomic and environmental systems are organised in elements belonging to a nested hierarchy (e.g., crop fields, household, village, province, country).
3 Addressing the issue of multiple identities, by representing the integrated performance of the various elements in different ways on different hierarchical levels.
Therefore, an MOIR requires first to individuate a nested hierarchical structure that will be used as a skeleton for the integrated representation in relation to the different dimensions relevant for sustainability. Each of these representations is based on a set of indicators (specific for the particular element and hierarchical level chosen) which reflects the selection of relevant criteria of performance associated with a given descriptive domain. These indices can be combined in 'radar diagrams' typical of multi-criteria analyses. In the examples given below, each indicator (e.g., the income of a household belonging to a village) is benchmarked against reference values provided by its context (e.g., the average income found in the society in which the household is operating). This operation can be reiterated in the nested hierarchy (by benchmarking the income per capita of the household, to that of the village, the income of the village to that of country, the income of the country to world averages).
An application of MOIR to a village of Vietnamese uplands
In this section we will present a series of MOIR based on a case study coming from a research programme in which one of the authors (T. Gomiero) was involved (Faggi et al., 1998; Gomiero et al., 2000) . This is an ex post analysis of a programme of rural development, concerning forest land allocation, implemented in Thuong Lo Commune, located in the Central Vietnamese uplands. Thuong Lo Commune was formed by three villages accounting for 156 households (HH) and about 1000 inhabitants. The area is one of the poorest in Vietnam, affected by dramatic problems of food shortage and resource depletion (e.g., deforestation, soil loss, floods). This case study has been selected since it summarises various aspects of the approach:
• its ability to deliver a Multi-Objective Integrated Representation
• the ability to generate Multiple-Scale analysis
• the usefulness of having an Integrated Representation across levels.
Multi-objective approach
The integrated analysis of local farming systems was attempted through the selection of a number of criteria belonging to different domains. This required selecting an appropriate set of indicators of performance. A discussion of both the selected indicators and the criteria of selection of this integrated package is available in Gomiero (2004) and Gomiero and Giampietro (2001) . The selected criteria and relative indicators used in Since this is an ex post analysis of a project concerning rural development, such a choice has not been checked using an input given by stakeholders through participatory methods. In a real application, criteria would be debated with and within the stakeholders involved in the representation exercise. The same applies to the selection of relevant indicators. While some may be, or should be, provided by the experts on special fields (e.g., agronomist, economist, ecologists), others may be, or should be, provided by the stakeholders according to their perception of the system functioning, local concerns and goals. Other indicators may also come up by (or after) a historical reading. Even though, in the case of this work, the selection of criteria and indicators has not been directly discussed with the stakeholders, during his field work in Vietnam, Gomiero had the opportunity to hear concerns and wishes from a number of stakeholders (e.g., local farmers belonging to various typologies, local institutions, other stakeholders). This is to say that the indicators presented here have been selected on the basis of direct local experience and literature on the subject. Again the methodological nature of the work accounts for the limited number of criteria/indicators used to describe the farming system. (2004) and Gomiero and Giampietro (2001) Four household types (HH) were identified according to the profile of working time invested, at the household level, over a given set of activities (Crop mix is defined as the mix of activities in home garden, paddy and cropland):
Type 1 Off-farm-Crop mix : It relies mostly on off-farm activity (mainly in the public sector), but crop land still is an important part of the household activities. It accounted for 18% (seven households) of the sample.
Type 2 Husbandry-Crop mix : Husbandry (cows) plays a crucial part in money supply of this type. Tending cows grazing is carried on by children or elderly who could not be employed in other activities. Cropland has both the meaning of securing food and some cash. It accounted for 31% (12 households) of the sample.
Type 3 Slash&Burn-Crop mix : Slash-and-burn activity plays a crucial role in assuring food security of this type. Cropland contributes to food supply. There is no cash availability. It accounted for 36% (15 households) of the sample. 
Quality of diet (kcal/day/capita)
Type 4 Non Timber Forest Product (NTFP)-Crop mix : NTFP is the only source of cash used to buy food during food shortage (a few months per year). This activity is a sort of an 'ultimate resource' for poor households with scarce land. Because of the very hard work conditions, no more that one month/year can be afforded.
Cropland also provides food, but is insufficient to cover food needs. It accounted for 14% (five households) of the sample.
The radar diagram provided in Figure 1 , therefore, represents an example of multi-objective representation of a farming system (HH Type 3: Slash&Burn + Crop mix ). In this case, such a representation is specific for a given typology of production (farmers from an upland Vietnamese village), which can be characterised using a closed set of activity (a given set of categories of land uses and human time uses). In this case, farmers rely on the traditional mix of time and land uses associated with Slash and Burn and on the traditional mix of time and land uses associated with home gardening. Criteria belong to different dimensions of analysis, indicators belong to different descriptive domains. The radar diagram is divided in a number of sectors-quadrants (four in this example), according to the number of selected criteria (associated with a preliminary choice of relevant dimensions of analysis). The set of criteria is considered necessary for an integrated representation of the performance of the system under study. Each criterion describes a distinct relevant perspective of performance for the system. Each quadrant then has to include a number of axes, according to the number of indicators selected for each given criterion. Each axis is used to represent the values referring to a single specific indicator.
There are three qualitative zones defining different levels of performance associated with the value taken by each indicator (this method to characterise the value taken by indicators has been named as 'flag model' (Nijkamp and Ouwersloot, 1998) ). Starting from origin of the axes we can characterise data represented in these different zones as indicating a performance, which is either poor, or medium, or good. The decision on how to represent a given set of data with a radar diagram based on the flag model is not a trivial one (for a discussion on this topic see Gomiero, 2004) . Different MOIR representations characterising the performance of different household types are shown in Figure 2 to provide a comparison of the patterns of four typologies of production found in the village. In fact, Figure 1 and Figure 2 refer to a specific method of analysis. Typologies of farming households were defined on the basis of the clustering of human and land use allocation over farming activities (for a discussion of such a method see Giampietro, 2003; Bland, 1999; Pastore et al., 1999) .
The integrated representation of performance shown in Figure 2 for a given rural system is based on an integrated set of families of indicators (social, economic, and environmental), which are able to:
• Deal with legitimate contrasting goals of relevant stakeholders (those affecting and affected by events and having recognised rights) expressed in relation to different dimensions of analysis (economic, ecological, social) and characterised using indicators referring to different scales (levels of analysis). For instance, a lower level of taxes can be considered as a positive change for households and as a negative change for the local government. The value taken by this indicator can be crucial for the stability of both these two typologies of agents. Households and local governments have legitimate contrasting goals about how to induce changes on this indicator. In the same way, two indicators such as: economic return per hour of work and economic return per hectare of land can be given different priorities by different typologies of household depending on the relative shortage of either work and/or land.
• Maintain coherence while handling different sets of relevant criteria and attributes referring to nonequivalent descriptive domains.
Each attribute of performance (the value taken by each indicator contextualised in relation to targets and the overall flag model) is considered, calculated and represented independently from the others. However, when characterising the performance of a given rural system in relation to a selected set of families of indicators (social, economic, and environmental) defined in different descriptive domains, we can get a holistic perspective of the performance, looking at the complex of dimensions, levels, goals and trade-offs. What is crucial in an integrated analysis is the understanding of the expected and established relations among changes in the selected set of attributes, and the ability to focus on crucial links and constraints in relation to possible changes of the overall integrated analysis. 
Multiple-scale
Describing the performance of a farming system on a multi-criteria space requires considering a set of qualities that can only be defined by looking at the farming system on different hierarchical levels. The selection of relative indicators has to cover different aspects and different processes occurring at different scales. The family of relevant attributes can include: the health of the soil, the health of the rural community, the material standard of living of individual households, the health of the economy of a province and the preservation of biodiversity at a regional level.
For this reason, it is important to put each system description (e.g., an assessment referring to the household level) in relation with other descriptions obtained, on different levels. For example, the assessment of income per capita of a country does not say anything about the situation of a marginal social group living in it. To address such an issue it is necessary to describe the system also at the household level to verify patterns of income distribution. On the other hand, the environmental impact, generated by the land use of a particular household, is too location-specific to become relevant for large-scale ecological processes. That is, it is not possible to directly relate the choice of individual farmers to the degree of environmental impact at the watershed level. In order to extrapolate potential effects generated by behaviours expressed at one scale/level to another scale/level, it is necessary to find a mechanism that can generalise the occurrence of a given pattern (Giampietro, 2003; Dalgaard et al., 2003; Giampietro and Pastore, 1999) . To do that, we have to address:
• The existence of attractors determining the existence of various typologies.
• How the various typologies of land use found in the farming system considered can be aggregated to make it possible to infer effects at a larger scale.
An approach that can be used to establish bridges across levels is called Multi-Scale Integrated Analysis (Giampietro, 2003; Gomiero, 2004; Gomiero and Giampietro, 2005b; Giampietro and Pastore, 1999) , and it uses MOIR as the natural graphical interface. The Multi-Scale Integrated Analysis approach requires:
• Identifying a particular socioeconomic element as organised in a given hierarchical level (e.g., crop fields, households, rural communities, local/regional ecosystems, etc.). Such an identification is based on a definition of typologies, which makes it possible to keep coherence of land use and human time allocation across levels. At this point, it becomes possible to represent the various elements on a multi-criteria performance space (MOIR) after selecting an appropriate set of indicators. Some indicators (e.g., the income of a household belonging to a Vietnamese village) may also be applied to the higher levels (e.g., the average income found in the Vietnamese village). This operation can be reiterated in a cascade (by comparing the average value of income per capita of the village, to the average for Vietnam, to the average of Southeast Asia, to world averages).
• Implementing a procedure of accounting that makes it possible to do the scaling across levels. This requires a preliminary definition of the characteristics of lower level elements using a discrete set of typologies (e.g., a set of household types). This set of characteristics must be compatible with the characteristics of the typology used for characterising the higher level (e.g., the village). At this point, we can establish a bridge between the characteristics of the two levels by combining the following three pieces of information:
1 characteristics of each of the household types belonging to the set 2 the curve of distribution of the population of households over the set 3 residual information related to characteristics of the higher level, which is not retrievable from the knowledge gathered at the lower level.
For example, at the village level the amount of communal land use at the village level, such as roads, schools and facilities, cannot be inferred from data on crop allocation gathered at the household level.
Integrated representation across scales
In this section, we describe the process discussed in Section 5.2, which makes it possible to establish bridges among nonequivalent descriptions of the farming system referring to different scales. This can be obtained by adopting a characterisation of each household type (as done in Figure 1 ) associated with:
• a finite set of categories of land uses (either for producing or for residential and alternative uses)
• a finite set of categories of human activities (either for producing or for sleeping, education and leisure).
Then an expected profile of distribution of both land and human activity over the set can be used to characterise the particular type. This approach is important since it makes it possible to associate with typologies of household, expected patterns of land use, with a given size (e.g., Figure 3) .
The same approach for scaling up can be used again to move to a higher level. That is, a village can be characterised by using the same, or compatible, selection of variables (accounting for emergent characteristics at different levels) in terms of profile of distribution of household types (Figure 4) . In this case, the upper level village is represented as made of a population of households, which must belong to the predefined set of household types.
In this example, information referring to the village level can be inferred from two external referents in parallel: 1 knowledge of lower level elements (e.g., survey carried out at the household level) 2 information gathered directly at the village level.
In this way, it is possible to establish a link between our knowledge/description of the farming system at the household level with the knowledge/description obtained gathering information at the village level. An overview of the application of this approach over four contiguous levels is given in Figure 5 . In this example: (i) a finite set of possible land uses and typologies of human activities [level n-1] , is used to define -by using a profile of distribution -the typology of households [level n]. Then, the set of household types [level n] is used to bridge -by using a profile of distribution -the characteristics of level n with the characteristics of the village [level n+1]. At this point, the characteristics of the villages [level n+1] are used to bridge -by using a profile of distribution -the characteristics of the Thuong Lo commune (made up of three villages), which represent the higher level [level n+2] of analysis before getting to the context (upland Vietnam). For more details, see Giampietro et al. (in press ). The possibility of using information gathered at different hierarchical levels and scale (generating a mosaic of data sources) can be useful to:
• increase the robustness of individual assessment
• fill data gap
• generate new insights on the existence of reciprocal constraints on characteristics of the farming system, when looking at constraints operating on the typologies studied at different levels (Giampietro, 2003) .
A Multi-Scale Integrated Analysis establishes links among the value taken by different indicators defined on different descriptive domains (different scales and different dimensions of analysis). Therefore, it enables a discussion of 'sustainability trade-offs' associated with different scenarios. Concerning the application of MOIR to the case study (the Thuong Lo commune), in this study it was possible to identify some key characteristic of the local farming systems that had been overlooked, or just missed, by the programme of rural development implemented in that area. Actually, the results of that particular programme were quite poor and in a few cases contributed to generating new problems, rather then providing effective solutions (Gomiero et al., 2000) .
Pros and cons of the MOIR approach
An extended discussion on graphical methods for representing an integrated analysis of farming and environmental systems, and their pros and cons is given in Gomiero and Giampietro (2005a) and in Gomiero (2004) . In the next sections we will briefly discuss the main difference between MOIR and other integrated representations, and the pros and cons of graphical representations, which apply both to MOIR and other graphical representations.
The peculiar characteristics of MOIR as multi-criteria graphical representation
Gomiero (2004) and Gomiero and Giampietro (2005a) reviewed 13 multi-criteria graphical representations in the fields of agriculture and sustainability analysis. All of them address different dimensions of the issue of rural development and environmental management (e.g., ecological, social, economic, cultural). Of them, only one (Spash and Clayton, 1997) addresses the issue of multiple scales. The approach provided by MOIR addresses explicitly the issue of multiple identities of a system. This is done by representing the integrated performance of a system in relation to the various identities that have been chosen for its characterisation (e.g., households, villages, provinces, national state). These different identities are then characterised, in different ways (e.g., by using economic indicators, social indicators, biophysical indicators of technical efficiency, ecological indicators of stress) on different hierarchical levels. In this way, MOIR can be used:
• To establish links among processes occurring on various contexts and levels (e.g., by using congruence over flows of money, human time, energy and matter).
• To establish links among relevant criteria focusing on the existence of trade-offs.
By establishing links among the value taken by different indicators via a process of contextualisation, MOIR makes it possible to better discuss the different categories of pros and cons associated with different scenarios.
Pros of graphical representation 6.2.1 Graphical representation can convey relevant information in a form easily comprehensible to the stakeholders
Graphical representations make it possible to have a clear and simple presentation of technical data often required by policy makers and stakeholders in general (ten Brink, 1992) . This aspect is particularly important in participatory processes where information has to be understood by a wide range of people, also in relation to the generation of possible feedback.
Graphical representation can facilitate the discussion on incommensurable trade-offs (how to handle sustainability dialectics)
Graphical representations help the stakeholders in visualising the implications of sustainability dialectics. Put in another way, they make explicit the consequences (both in positive and negative) implied by the alternatives considered in the analysis.
Graphical representation can generate a dynamic graphical representation of changes in indicators when discussing scenarios
By establishing relations between changes in biophysical variables and economic variables, it is possible to describe with models the possible effects -or better, the feasibility domains -in terms of values taken by a given indicator in relation to another. By using the same rationale, it is possible to establish a link between changes described in a given integrated (considering multiple criteria) graphical representation and the relative changes in land use.
Cons of graphical integrated representations
Graphical representations are not to be expected, in general, to be 'intuitive' or 'self-explanatory'. On the contrary, they present a wide array of problems both in the making and in the comprehension of the different graphs. Especially problematic is the case of integrated graphical representations having the goal of handling indicators referring to different scales and incommensurable criteria. In all those cases in which the graphic representation is used to aggregate the various indicators into a single index (this requires that weighting factors have to be applied to the various indicators), there is the obvious risk of losing track of the information carried by the original indicators.
Graphical representation might lead to an oversimplification of the reality
This problem is certainly true, but it is common to all types of representation (and all types of models). Simplification and compression in the demand of information used in a process of decision making is a necessary step to be able to handle the process of decision. On the other hand, such a compression has a cost. To be able to make a decision in a finite time, the information space used for the problem structuring has to be reduced as much as possible. In face of this predicament, the goal has to be avoiding the loss of too much relevant information. This translates into the goal of preserving, as much as possible, the original information available from the various set of data used as input. In this view, another basic goal of graphical representations is that of involving stakeholders in a 'quality check' on the process generating graphical representations (to check the discrepancy between the representation provided by the scientists and that agreed upon by the social actors). This ability to involve the stakeholders is crucial, since in a dynamic reality, the perception and representation of both problems and expected consequences of solutions are continuously changing in time with strong nonlinearity and unpredictable twists. In relation to this challenge, in spite of all their problems, graphical integrated representations associated with multi-criterial participatory processes of evaluation should be preferred to more conventional approaches, such as chrematistic Cost-Benefit Analysis. It is our opinion that Cost-Benefit Analysis leads to an even more simplified result (since all relevant variables are collapsed in a single index with nontransparent procedures of aggregation). CBA is not open to a quality check from local actors.
Graphical representation might be used to mislead the perception of a given situation
Also in this case, the problem is certainly a serious one. The choice of a given set of relevant criteria, the choice of a given set of indicators, and the choice of targets and admissible ranges, can imply a structuring of the problem that does not necessarily reflect the perceptions of the various stakeholders. As discussed in the first two sections, different choices of identities for the elements to be adopted in a model, different choices of observable qualities and different choices of encoding variables lead to different representations of a system's profile. Also in response to this objection, we can only observe that this type of problem is common to any form of representation and problem structuring of a real situation. This is the reason that we envision the use of graphical integrated representation in a process of decision making, only within a participative procedure.
Integrated graphical representation cannot be used as an overall assessment
An integrated graphical representation provides a quality profile in relation to a specific set of indicators and criteria considered by the analysts as relevant for determining the performance of the system. For example, when adopting a radar diagram, and looking at the consequent graph, one could be led to believe that given the normalisation over the values taken by the indicators over the various axes and given a common direction of performance on the various axes (e.g., the more distant from the centre, the better), the total area included inside the profile of performance should be considered as an index of overall quality for the system. This is not correct for several reasons (Gomiero, 2004; Gomiero and Giampietro, 2005a ):
• The various indicators refer to noncommensurable criteria and therefore the process of normalisation (on each of the axes) does not imply that they have been weighted in relation to their relative importance (across different axes) in determining the overall performance of the system. • The profile of weighting factors used to compare the indications provided by the set of indicators used for the integrated representation is location-and time horizon-specific (different indicators reflect characteristics associated with processes operating at different scales).
• The profile of performance resulting from the integrated representation on a multi-criteria space refers to just one of the possible integrated representations of the system (other spider diagrams can be used for the same system). This means that any graph providing an integrated representation of a situation should be considered as just one of the possible inputs to be adopted for an integrated problem structuring when adopting multiple criteria.
Conclusion
We believe that the MOIR approach helps those scientists willing to combine 'hard' and 'soft' information when analysing problems associated with the sustainability of agro-ecosystems. Especially, it can be useful when dealing with the evaluation of incommensurable sustainability trade-offs.
Moreover, the MOIR approach can enhance the interaction of scientists coming from different disciplinary backgrounds by providing a concrete integrated data set to be used as a transdisciplinary arena for discussions.
The MOIR approach can also make it easier for scientists to involve the stakeholders in a process of participatory integrated assessment (or vice versa!), by making the analytical part more accessible. In fact, the very concept of MOIR implies acknowledging the existence of legitimate but nonequivalent perceptions and characterisations of a given problem among the stakeholders. The discussion of these nonequivalent perceptions has to be considered before starting to crunch numbers. Also in relation to the issue of negotiation and conflict resolution, MOIR can be a useful method to help the stakeholders to better understand those perceptions and those constraints, which affect the option space of the others.
